INTROIIUC~'ION
es favoring establishment of desert shrubs, e.g., creoDuring the last century, the plant communities of sotebush (Larrea tridentata (DC.) Coville) or mesquite pro so pi,^ glandulosa Torr.). In grasslands and shrublarge portions of the southwestern United States have lands, resources are concentrated in patches associated changkd from grassland to shrubland (Buffington and with vegetation that is surrounded by resource-depleted Herbel 1965, Grover and Musick 1990, Schlesinger et bare ground (Hook et al. 1991) . However, vegetation al. 1990 , Virginia et al. 1992 . This transformation in is more evenly distributed spatially within grassland, the landscape has been variously attributed to drought, and the relative difference between resource concenovergrazing, fire suppression, increased density of rodents, or the interaction of these factors (Brown and trations under plants vs. bare ground is less in grasslands than in shrublands (Schlesinger et al. 1996) . Heske 1990, Grover and Musick 1990, Schlesinger et Thus, inorganic nutrients, organic matter, microbial al. 1990 ). Regardless of the cause(s), Schlesinger et al. biomass, and microbial activity are concentrated into (1990) have hypothesized that the transition from "islands of fertility" in the soils beneath the canopies grassland to shrubland results in a redistribution of soil of shrubs in arid and semiarid shrublands (Garcia-Moya resources such that they become concentrated in patch-and McKell 1970 , Charley and West 1975 , Crawford and Gosz 1982 . Hook et al. 1991 . Bolton et al. 1993 . ing the transition from grassland to shrubland. but the overall quantities of nutrients and microbial biomass per unit area may remain unchanged, as found by Bolton et al. (1993) in a comparison of grassland and shrubland in a semiarid shrubsteppe environment. Alternatively, a portion of the resources may be lost through runoff and/or erosion with the remaining portion being concentrated into fertile islands, thereby further altering the distribution of resources and favoring shrub development (Schlesinger et al. 1990 , Whitford 1995 . The second pattern results in lower nutrient concentrations and microbial abundance and activity for the area as a whole. Thus. the biological potential (Verstraete 1986) of the site may be diminished or destroyed altogether by significant net loss of carbon and nitrogen resources. Both patterns result in greater spatial heterogeneity of soil resources as detected by a higher ratio of beneath-plant to bare-ground resources in the shrubland (Schlesinger et al. 1996) . If the transformation of grassland to shrubland is promoted by disturbance (e.g., livestock grazing), then patterns of community development that follow cessation of the disturbance represent a secondary succession. Secondary succession may restore the original community or it may progress to an alternative stable state (or "dysclimax"; Westoby 197911980) . The latter scenario is more likely if nutrient resources are lost through erosion, but may also be enhanced through biological feedback mechanisms (Schlesinger et al. 1990 ). Relatively stable ecosystem characteristics and processes should be achieved as succession progresses, regardless of the endpoint. This progression should be reflected in the soil microbial community as well as the plant community.
Methods for assaying the soil microbial community include measures of microbial biomass carbon (C,,,,,; Anderson and Domsch 1978) , respiration (Anderson 1982) , and enzymatic activities (Benefield et al. 1977 , Griffiths 1989 . The ratios of C,,,,, to total organic carbon (Cr,,,,IC,,,; Anderson and Domsch 1986) and microbial respiration to C,,,, (metabolic quotient) have been used to monitor soil microbial changes during secondary succession (Insam and Haselwandter 1989) and during recovery from severe disturbance (Insam and Domsch 1988) . The ratio of C,,,, to C,,, indicates the proportion of the C,,,, that may be readily metabolized (Anderson and Domsch 1989) and the metabolic quotient represents the proportion of the microbial community that may be metabolically active (Anderson and Domsch 1990) .
Disturbance generally produces an initial decrease / C,,, ratio and the metabolic quotient tend to increase immediately following disturbance, and then to decrease gradually during recovery. Thus, these ratios are suggested as indices of C,,,, stability. in which increases indicate loss of C,,, and decreases indicate accumulation of C,,,,, with steady-state values indicating climax communities (Insam and Haselwandter 1989) .
, , , , C,ni,, and basal respiration. However, the C ,,,, in C Plant production in semiarid and arid lands is thought to follow a pulse-reserve temporal pattern in which pulses of plant production follow rainfall events, generating a reserve of organic resources in plants and plant residues (Noy-Meir 1973) . The plant pulse may follow a pulse in microbial activity that increases N mineralization, andlor microbial activity may peak after the plant pulse that produces readily available C resources (Kieft 1991) . The bulk of the precipitation in the Chihuahuan Desert occurs in the winter as rain or snow and in late summer as monsoonal rain; thus, pulses in microbial biomass and activities are expected to follow these periods of precipitation. If available resources are greater under creosotebush relative to grass, then the moisture-induced pulse in microbial activity should be greater and more variable over time in the shrubland than in the grassland.
This research evaluated the temporal dynamics in total and available carbon and nitrogen resources in a grassland-creosotebush shrubland transition. This project integrated analyses of soil properties, temporal dynamics in soil nutrient resources, and the biomass and activity of soil microorganisms with analyses of aboveground plant community structure in adjacent grassland and creosotebush shrubland sites within the northern Chihuahuan Desert. This study tested the following hypotheses: First, the difference between soil resources (mineralizable and total N, C , , , , , C,,,, and basal respiration as indicator of C availability) under creosotebush and in the bare areas within the shrubland site are greater than the difference between under-grass and bare areas in the grassland site. Second, temporal variation in these resources, particularly their available portions, is greater in the shrubland than in the grassland. Third, the C,ni,lC,,,, ratio and the metabolic quotient are higher in the shrubland than in the grassland, indicating that the shrubland is a disturbance-caused sera1 stage along a succession and that the grassland is a stable stage. Finally, using soil data weighted for areal coverages of plants and bare ground, we tested the hypothesis that total and available C and N resources, expressed on an areal basis, do not differ between the grassland and creosote sites; i.e., resources have been redistributed, but not lost.
Study area
The study area is located on the Sevilleta National Wildlife Refuge (NWR) in central New Mexico. The Sevilleta NWR is a 93 000-ha wildlife refuge established in 1973 and managed by the U.S. Fish and Wildlife Service. Before 1973, the area was grazed by livestock, but domesticated livestock are now excluded entirely from the refuge. An area within the Sevilleta NWR locally known as "Five-Points" has been the focus of intense study as part of the Sevilleta LongTerm Ecological Research (LTER) project. Our study FIG. 1. Location of the Five-Points study area ( 1 3 k r r~east of the Rio Grande) within the Sevilleta National Wildlife Refuge, which straddles that river. The creosotebush site is the five circular webs in the southwest portion, and the grassland site is the five webs to the northeast. The Deep Well meteorological station is located 3 km northeast of the grassland webs, just beyond the right-hand edge of the figure. area is located -2.5 km west of Five-Points, 13 km east of the Rio Grande, and 1 km north of Palo Duro Canyon, an ephemeral drainage (Fig. 1) . The study area was selected in 1989 for intensive study because it appeared typical of the grassland-creosotebush ecotone in the northern Chihuahuan Desert, with creosotebush extending from the area closest to the rim of Palo Duro Canyon into the grasslands to the north. The grassland site is considered to have original vegetation, i.e., predominantly black grama (Boutelouu eriopodu (Torr.) Torr.) with some blue grama (Boutelouu grucilis (H.B.K.) Lag. ex Steud.) and other grasses. The creosotebush shrubland site is thought to have been grassland, but now is dominated by creosotebush.
Within the study area, experimental plots used to quantify arthropod and rodent populations were established in 1989. These circular plots, called "webs" (Anderson et al. 1983) , have a 100-m radius. Five webs were in a site dominated by creosotebush and five other webs were in a site within the grassland to the northeast. Each web was 2 2 0 0 m from other webs. Each web comprised a sample unit for this study.
Meteorologicul dutu
Meteorological conditions were measured at a permanent station (Deep Well) -3 km to the northeast of the study area. Along with other information, this station continuously measures precipitation, air temperature, and soil moisture at 10-and 30-cm depth. All variables are recorded on an hourly basis except for precipitation, which is recorded on a 1-min basis during periods of precipitation.
Soil claaracterizution
Soil pits were excavated to characterize morphological properties and to collect representative samples from individual horizons for laboratory analyses of physical and chemical properties. Pits were dug in each 25-m Contour vegetative community: three near the grassland webs and three near the creosotebush webs. Pedogenic horizons were identified and their mean depth and thickness were determined. In addition to complete field descriptions, samples of each horizon were analyzed at New Mexico State University's Soil, Water, and Air Testing Laboratory for concentration of CaCO, equivalents (carbonates, measured as percentage of soil dry mass [Nelson 19821 ) and other chemical properties not presented in this report.
Water content was measured gravimetrically after 24-h desiccation at 105°C. Soil pH was measured using a pH meter on a 1:l mass :mass slurry of soil and a 0.01-mol/L CaClz solution. Soil texture was measured by the hydrometer method (Day 1965) .
Vegetutive community structure Aboveground cover of individual plant species, as well as nonvegetative ground cover by categories (bare soil, litter, gravel and rock), were measured in the grassland and creosotebush communities using the Community Structure Analysis technique of Pase (1981 ; Wolters et al. 1996) .
Soil sampling for C aizd N dyizamics For each soil collection, a randomly located point on the circumference of each web was selected. A different point was used for each of the 10 webs, and this point was removed from the pool of possible points for future collections. Soil samples consisted of cores 4 cm diameter X 20 cm long, collected from the perimeters of the webs (5 webs for each site). from diametrically opposite points on the circle were collected and pooled in the field, resulting in one pooled sample each of canopy soil and open soil from each of the ten sample webs. Sample webs were collected 17 times during 1992-1994, beginning in April 1992 and ending in August 1994. Samples were placed into an ice chest and transported on ice to the Sevilleta Field Station or the University of New Mexico, where they were sieved (2-mm mesh). mixed, split into two portions, and stored at 5OC.
Organic C. microbial biomu.ss and rrspirution unulyses
Total organic carbon was measured by a wet oxidation technique (Nelson and Sommers 1982) . Microsured using gas chromatography as described by Kieft and Rosacker (1991) . Soil samples (10 g wet mass) were placed into serum vials, moistened to approximately field capacity with deionized water, and the vials sealed with rubber septa. Respiration was measured i11 triplicate subsamples of each sample during 24-h incubation at 22"C, beginning 24 h after the vials were sealed. Previous experience with calcareous soils from this grassland determined that most abiotic CO, production occurred during the 24-h incubation period when no measurements were taken (Kieft 19941 , thus disturbance effects and abiotic CO, generation were avoided.
Microbial biomass carbon was measured using the substrate-induced respiration method (Anderson and Domsch 1978) as modified by West and Sparling (1986) . Soil samples (10 g wet mass) were placed into 60-mL serum vials along with 20 mg glucose and were then wetted to field capacity with deionized water. Vials were sealed with rubber septa and incubated at 22°C. Headspace gas was sampled at intervals during a period beginning 0.5 h after sealing the vials and extending for 2 h. Respiration rates were converted to C,,,, by the equation of Anderson and Domsch (1978) . Four replicates of each sample were tested.
Drhydrogenase activity
Soil dehydrogenase activity was measured using the substrate iodonitrotetrazolium (INT). The method was a slight modification of Griffiths (1989) sured as the change in CO, concentration in the head-land area: each data point is the mean of three samples. In space gas in 60-mL serum vials containing soil samples general. the sequence of horizons by decreasing depth IS:A 1, as they were incubated (Anderson 1982 mazans. Soil (1.0 g wet mass) was added to a screwcap test tube, and then 2.0 mL of a 0.5% (mass/volume) INT solution and 1.5 mL deionized water were added. Autoclaved soils were used as abiotic controls. The soil suspensions were vortex-mixed and the tubes were incubated in the dark at 40°C. After 2 h of incubation, enzymatic activity was halted and INT-formazan was extracted by adding 10.0 mL of a 1:l mixture of dimethylformamide and methanol. Extraction was carried out in the dark for 1 h with vortex mixing every 20 min. The soil was then removed by centrifugation.
INT-formazan concentrations of the supernatants were determined spectrophotometrically at 460 nm using the extracting solution as a blank. Triplicate tubes were set up for each soil sample along with an autoclaved control of each sample. Absorbance in the control extract was subtracted from the average of the extracts in the live soils.
N rniizeralizatioiz potentials
After determining water-holding capacity (WHC) (White and McDonnell 1988) , a portion of each sample was adjusted to 50% of determined WHC and up to 11 subsamples were apportioned into plastic cups. Each cup contained -30 g mineral soil (dry mass). One subsample of each sample was immediately extracted with 100 mL of 2-mol/L KC1 solution for NH,+-N and NO,--N analyses. The remainder of the cups were covered with plastic wrap, sealed with a rubber band, and incubated in the dark at 2OoC. The plastic wrap minimized water loss during incubation, yet exchange of CO, and 0, was sufficient to keep the subsamples aerobic during incubation. Moisture content was monitored by mass loss and replenished as needed. At weekly intervals, one subsample of each sample was removed and extracted with KC1 for 18-24 h. The clarified KC1 was filtered through a Kimwipe paper tissue and analyzed for NHdt-N and (NO,-+NO,-)-N on a Technicon AutoAnalyzer (Technicon, Tarrytown, New York, USA) as described in White (1986) .
Statistical analyses
We analyzed data by multiple analysis of variance with factors comprising site (grassland vs. creosote- bush), plant canopy (canopy vs. bare soil), time of collection, and their two-and three-way interactions. The area-weighted site values were analyzed by a two-factor analysis of variance with the factors being site, time, and their interaction. Duncan's multiple range tests were used to determine within-collection differences. The total temporal variances in the parameters measured in soils collected under creosotebush and grass. and from bare soil in the creosotebush and grassland sites (CU, GU, CO, and GO, respectively), were tested for significant differences using the F distribution. For this analysis, we always placed the largest variance in the numerator and adjusted the significance level to P = 0.025 ( a = 0.0512, since we were performing a onetailed test). We performed all analyses using SAS statistical software (SAS Institute, Cary, North Carolina, USA). Unless otherwise indicated, we used a significance level of P = 0.05. 
RESULTS

Meteorological conditions
Monthly average daily maximum, mean, and minimum air temperature at the Deep Well meteorological station beginning with January 1992 (3 mo prior to initiation of research) are shown in Fig. 2a . The period of study was unusual in that all three years (1992, 1993, 1994) were moderate El Nifio periods as indicated by the Southern Oscillation Index (SOI; Environmental Data Center, National Oceanic and Atmospheric Administration, Asheville, North Carolina, USA). Precipitation during May 1992 was unusually high for that month, which is consistent with the influence of the El Nifio on this region. Soil moisture at both 10-and 30-cm depths was very high during the first 4 mo of 1992 (Fig. 2b) . Thereafter, soil moisture at 30 cm did not average above -1.0 MPa until the last two months (August and September 1994). Soil moisture at 10 cm increased in response to winter-spring moisture in all years. However, soil moisture showed a variable response to summer precipitation, with negligible response in 1992, a slight response in 1993, and the greatest response in 1994.
Soil characterization
There was sufficient variation in the three samples of the various horizons from the soil pits that most soil properties did not differ significantly between the two community types (nonsignificant results not presented). However, the creosotebush soils had comparable horizons at shallower depths (depth of horizons differed significantly for top four horizons (P < 0.05)) and were higher in calcium carbonate (greater percentage CaCO, equivalents, significant in top horizon only) than the grassland soils (Fig. 3) . Also, soils in the open areas of the creosotebush community had less sand and greater silt and clay fractions relative to open areas in the grassland community (Table 1) .
Nitrogen mineralizatioiz poteiztials
Aerobic incubations for N mineralization potentials started with extractable soil NHdt-N about twice the concentration of NO,--N (Fig. 421) . Within the first week of incubation, NH,+-N declined to and remained at -0.5 mglkg throughout the incubation. Net N mineralization appeared as an increase in NO,--N. The soils never demonstrated lags in either nitrification or net N mineralization. For all soils, total extractable N approached an asymptote at 42 d (Fig. 4b) . Thus, all further analyses of mineralizable N (min. N) are based upon the net values following 42-d incubation.
Three-+vavANOVA
The three-way ANOVA evaluated the effects of temporal variability (represented by time), site (grassland or creosotebush), canopy (under vegetation or bare soil), and the interaction of these three variables on soil parameters (Table 2 ). All soil parameters showed highly significant temporal variation. Site was a highly significant factor for all soil parameters, with most values for the creosotebush site being higher than the grassland. Note that this analysis gives equal weighting to under-canopy and bare soils without weighting for relative canopy cover. The effect of canopy was also highly significant for all characteristics, except field water content, with under-canopy soils much higher than bare soils. The site X time interaction was highly significant for all characteristics except mineralizable NO,--N, sum of NH,'-N and N O , -N , and field water content. The significant site X time interaction was largely the result of greater variation in soils under creosotebush canopy than under grass canopy; variation in bare soils at each site was minimal. The interaction of canopy with time was highly significant for all soil characteristics except C,,,, which was due to greater temporal variation in soils under canopy at both sites than in bare soils. The interaction of all factors was highly significant for mineralizable NH,'-N, C,,,,,, basal respiration, and the C , , , , IC,,,, ratio.
Temporal dyizamics in soil moisture
The creosotebush site bare soil often had the highest soil moisture (expressed on a gravimetric basis), which is most obvious during 1992 (Fig. 521) . Site, time, and C, S X T, C X T, and S X C X T) for each response determined in the 0 to 20-cm depth soils of a grassland-shrubland ecotone. the canopy X time interaction were significant factors for soil moisture in the three-way ANOVA. Other than the creosotebush site bare soil, there was no consistent difference between the other site-canopy types over the course of the study period. The general pattern of soil moisture shown in the individual collections ( Fig. 5a ) was similar to the monthly mean soil moisture patterns at the long-term meteorological station (Fig. 2b) .
Factors
S X T C X T S X C X T
C aizd N dyizamics
Soil C,,, was the most stable soil characteristic measured (Fig. 5b) . This is to be expected; nonetheless, our results showed two important patterns. First, C,,, in the creosotebush soils was consistently higher than in the grassland soils. Second, soils under creosotebush canopy consistently had the highest C,,,,. Soil C,,,, under the grass canopy was higher than in bare soils, but lower than in soils under the canopies of creosotebush.
Microbial biomass and their activities followed similar patterns. Nearly all measures were higher under the plant canopy at both sites than for bare soil. Also, bare soils from the two sites responded similarly; we found no significant differences between bare soils from the two sites.
The highly significant effect of plant canopy on C,,,,,, basal respiration, and the C,,,,,IC,,, ratio (Table 2) was evident throughout the study (Fig. 5c, f) . Dehydrogenase activity showed similar but dampened effects of plant canopy (Fig. 5h) . Bare soils of both sites were not significantly different at any collection times and showed little variation among collections. The importance of the moist winter-spring period for C,,, is evident for all soils (Fig. 5c) . Basal respiration responded differently, frequently showing a late summer increase, particularly in the creosotebush site (Fig. 5d) . Dehydrogenase activity also did not increase in winterspring, instead rising in midsummer 1993 and 1994 (Fig. 5h) .
Metabolic quotient appeared to be less influenced than other microbial parameters by site (although still significant, Fig. 5g) . Also, the differences between canopy and bare soils was less for metabolic quotient than for other microbial parameters. Metabolic quotient did not show winter-spring peaks, but instead peaked in late summer 1993.
Mineralizable N was affected by site, canopy, and collection time in a pattern similar to other microbial parameters (Fig. 5e ). Mineralizable N was highest at all collection times for soils under creosotebush canopy; intermediate levels occurred in the soils under grass canopy; and no significant differences were found between bare soils of the two sites.
Temporal variaizces
Soils under creosotebush (CU) showed higher temporal variances than the other soils for all soil parameters except soil moisture (Table 3 ). The soils under grasses had significantly higher variances than either of the bare soil types for C,,,,, basal respiration, mineralizable N (sum of NH,+-N and NO,--N), and the C,,,,/C,,,, ratio. The bare soils in the creosotebush and grassland did not have significantly different temporal variances in any soil characteristics. Wolters et al. (1996) reported the relative cover by types in the grassland and creosotebush sites based on a line-intercept method. Bare-ground cover was 45% and 74% in the grassland and creosotebush sites, respectively. Creosotebush covered 8% of the creosotebush site while grasses covered 45% of the grassland site. Other cover types (Sorbs, other shrubs, and rock and gravel) accounted for 10% of grassland area and 18% of area in creosotebush sites. Area-weighted values included only the under-canopy and bare-soil cover types in each site, normalized for total area. For example, the values for soils under shrub canopy in the creosotebush site were multiplied by 0.098 (8% of 82% total cover), while values for soils under grass canopy in the grassland were multiplied by 0.5 (45% of 90% total cover). These area-weighted values were added within each web for each collection to obtain total site values (applied to the five composited soil samples for each collection for each site). This method applies TIIOMAS L. KIEFT ET AL.
Area-weighted characteristics
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Time (months)
Time (months) proper weighting to the effect of canopy for both sites and allows the analysis of plant community, collection time, and their interaction. Analysis of the area-weighted site values (Table 4 ) indicated that vegetative community (site) was a highly significant factor for all soil characteristics except dehydrogenase activity and extractable NH,--N. All soil characteristics showed highly significant temporal variation (represented by the time factor). The interaction of the two factors is significant for mineralizable N, C,,,,, and basal respiration.
Area weighting reflects the importance of the much greater grass-canopy cover relative to the amount of creosotebush-canopy cover. In the creosotebush shrubland, the site is dominated by bare soil with only small islands of creosotebush. For most microbial parameters, the high values for soils under creosotebush were greatly diluted by the low values for bare soils. In contrast, the amount of grass-canopy and bare soil are equal in the grassland community. Consequently, most microbial parameters were near the average of the under-canopy and bare soils for the grassland community, whereas the area-weighted values for the creosotebush community were only slightly higher than the values for the bare soil alone. This had the net effect of the grassland having higher values than the creosotebush community for all soil characteristics, with exceptions at only a few collection times (Fig. 6b, c, d, e) . C,,, was an exception; the grassland was generally lower than the creosotebush community (Fig. 6a) .
Drscussro~
Soil-pit data suggested that development of the present creosotebush site involved the following changes from the previous conditions (present conditions of grassland and creosotebush depicted in Fig. 7 ). Field observations, soil descriptions, and laboratory analyses suggested that there was a net loss of -3-5 cm of surface soil at the creosotebush site over the period of its establishment. The surface soils in the grassland have high sand content, both under plants and in bare ground (Table 1) . Sand content of the soils beneath creosotebush was similar to the grassland soils, but bare soils in the creosotebush site were silt-and clay-rich relative to the other soils. Thus, shrubland development at this location appears to have been accompanied by movement of the sandy surface soil from areas newly bare to areas with creosotebush canopy, thereby exposing the more clay-rich lower horizons in the bare areas. Loss of surface soil allowed buried rocks and t Within a r e s~o n s e . variances followed bv different superscript letters &e significantly different (P 2 0.05).
stones to be exposed on the current soil surface, generating the desert-pavement appearance of the creosotebush shrubland (Fig. 7) . Also, loss of surface soil reduced the depth to caliche zones (Fig. 3) . Creosote invasion on sites with more highly developed caliche may be favored by reduced soil water storage volume following erosion of surface soils and a more variable spatial distribution of water within cracks of the highly calcified soil horizons. These edaphic controls complement biological feedback mechanisms that sequester available resources in the islands beneath creosote and maintain vegetation patterns within the creosotebush site. In addition, our work indicated that resources have greater temporal variation in their availability within the islands under creosotebush relative to grasses. Total and available C and N resources were concen- The creosotebush site has larger mounds ("islands") under individual shrubs, but the number and coverage by shrubs is much less than in the grassland. Loss of surface soils leaves embedded stones and gravels at thc soil surface. creating a pavement-like appearance to the creosotebush site. trated beneath the plants at both the grassland and creosotebush sites (Table 2) . Moreover. this concentration of resources beneath canopies was greater in the shrubland than in the grassland. This supports our first hypothesis. This hypothesis was based on the "islands of fertility" beneath plants relative to bare or open areas reported in studies of both grasslands (Hook et al. 1991) and shrublands West 1977, Schlesinger et al. 1990 ). Our sampling technique was designed to integrate the variation within a sampling web for each cover type (bare soil vs. soil under plants) by pooling samples from opposing sides of each web. The mean site value for each cover type was determined from these pooled samples. Thus, our results do not directly address the question of spatial variability. However, greater spatial heterogeneity was found in small plots (8 X 12 m) at a nearby grassland plot relative to a creosotebush plot on the Sevilleta (Schlesinger et al. 1996) . Our results indicated that the pattern of higher nutrient resources under plants occurred for sites of -50 ha and that islands under creosote were higher in total and available resources than soils under grasses.
Greater temporal variation in available C and N resources was found under plants relative to bare areas at both sites. The pattern was most pronounced in the creosote shrubland. a finding that supports our second hypothesis. This increase in temporal variation in soil resources associated with shrubs may be a common aspect of desertification and may be related to the increase in spatial heterogeneity noted by Schlesinger et al. (1990) and Schlesinger et al. (1996) . However, when the two sites were compared on an areal basis by weighting for percent plant cover, differences in temporal variation between the two sites appeared less pronounced. This was largely due to the influence of the relatively large bare-soil area in the creosotebush shrubland.
The C,,,,,IC,,,, ratio showed no consistent trend except for the greater values under the plants in both sites. The hypothesis that the ratio should be greater in the shrubland than in the grassland was not supported. The ratio was nearly the same throughout the study for bare areas of both sites and the soils beneath creosotebushes were sometimes higher and sometimes lower than the beneath-grass soils, although the soils beneath creosotebushes showed greater variance.
The hypothesis that the metabolic quotient would be higher in the shrubland, indicating a sera1 stage resulting from disturbance (Insam and Haselwandter 1989) , was also not supported. There was little difference between soil types through the first half of the study (Fig. 5g) . In fact, the metabolic quotient was the only measure for which the difference between underplant and bare soils was not significant until the last few collections. This suggests that the creosotebush Ecology, Vol. 79, No. 2 shrubland was not undergoing secondary succession. but was instead in a state of dynamic equilibrium, i.e., it is a climax ecosystem (or dysclimax in this case). However. other interpretations could be offered. There was a general rise in the metabolic quotient for soils of all cover types in summer 1993. Wardle and Ghani (1995) reported that the metabolic quotient actually rose towards the end of succession, which they interpreted as resulting from stress rather than disturbance. They pointed out that the metabolic quotient was unable to distinguish between changes due to disturbance and those due to increasing stress. Thus, the increase in the metabolic quotient during the summer of 1993 could indicate increasing water stress across both sites relative to the preceding period. Given the apparent inability to separate stress from disturbance (Wardle and Ghani 1995) , we feel that the metabolic quotient does little to identify ecosystem development as it relates to succession at these sites.
The fact that the creosotebush site often had the highest soil moisture (Fig. 5a ) could be the result, in part, of water being translocated by creostebush from deep roots to shallow roots at night. a phenomenon termed hydraulic lift (Caldwell and Richards 1989) . The higher moisture may also reflect soil texture in that clay-and silt-rich soils retain more moisture than sandy soils. We were unable to separate these factors with our data. but higher soil moisture could lengthen periods of net N mineralization in the field and lead to higher rates of nutrient cycling relative to drier soils. This could be one of many biological feedbacks that favors creosotebush.
If one accepts that the creosotebush shrubland resulted from disturbance of a grassland ecosystem and that it now exists as a stable alternative ecosystem, one can ask whether the resource availability is any less than in the grassland ecosystem when considered on an area-wide basis. Applying this approach to a shrubsteppe-turned-grassland ecosystem, Bolton et al. (1993) found that resource availability, as measured by microbial parameters, was equal between the original shrubsteppe ecosystem and the new grassland system. Similarly, few significant differences occurred in microbial parameters between grassland and shrubland ecosystems in our study. However. when differences did appear. we found that available C and N resources were greater in the grassland than in the shrubland. Thus, disturbance of the original grassland resulted in the redistribution of resources into more concentrated, but fewer, islands of fertility, and also resulted in a slight reduction in available resources on the site. The reduction in available resources could occur by wind and/or sheet erosion, or by changes in resource quality following disturbance.
